A ubiquitous computing environment would capture a large amount of interaction histories of objects in the environment over a long period of time, such interaction histories serve as a valuable source of information for people to solve problems and make decisions in the present time. Our approach is to enrich the space by providing interaction history information through noticeable wear expressed within a physical environment. A History-Enriched Environment (HEE) allows people to use interaction histories of people, things, and places on demand, and to obtain relevant information by tracing links among objects. We argue that taking into account two aspects of people's cognitive activities, situated encountering and informationtriggered information needs, is a key to build an HEE. The chapter describes how to design an HEE through the Optical Stain environment in which we designed as an HEE.
INTRODUCTION
Ubiquity refers not only to the spatial aspect but also to the temporal aspect. Omnipresent sensors and cameras placed in a real world make it possible to keep track of objects, such as people, things, and places, in a large space over a long period of time. We envision that a ubiquitous computing environment would be one that is enriched with those information. Just like footprints left in a mountain help trekkers decide which path to take, and wear of a telephone directory located in a department lounge helps us locate pages listing faculty members of the department, the ubiquitous computing environment would help us find ways to solve problems, make decisions, or to simply put it, to go easier, feel better and enjoy life.
People do not always engage in consciously purposeful activities. They become interested in what they encounter in certain situations (Suchman, 1987) . For example, when a person walks by a restaurant that smells good, he/she may become interested in knowing more about the restaurant. This does not preclude a purposeful activity such as looking for a good restaurant for a birthday party. However, we often experience situations like above in our everyday life; one just walks by a place and may become interested in knowing more about the place.
A person's information needs do not always arise from well-planned problem solving steps. A person often does not become aware of information needs unless he/she becomes aware of the existence of relevant information (Fischer & Nakakoji, 1991; Nakakoji & Fischer, 1995) .
Presenting information often triggers people to become aware of more information needs, and such information needs cannot be predicted a priori because they are situated, depending on an unspecifiable context (Winograd & Flores, 1986) . For instance, if a person becomes aware of a restaurant that he/she is passing by, he/she may examine a menu placed in front of the entrance.
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If the menu looks not so bad, he/she may look into the inside of the restaurant through a window to see if it is crowded. In everyday life, finding information should not be regarded as a one-time affair. Presenting information to an initial information request should be treated as a trigger to subsequent information exploration steps.
A ubiquitous computing environment is the environment that captures a large amount of data from the environment over a long period of time. Such data would serve as a valuable source of information for people to solve problems and make decisions. We argue that taking into account the above two aspects of people's cognitive activities, situated encountering and information-triggered information needs, is a key to build an information-enriched ubiquitous computing environment.
THE TEMPORAL ASPECT OF UBIQUITY

Time, History and Social Settings
A large amount of data captured from a physical environment over a long period of time makes it necessary to deal with three factors: time, history, and social settings.
Time, or more precisely the timestamp of information, has been regarded as an important element to locate, understand, and coordinate the information. A prototypical example is TimeMachine Computing by Rekimoto (1999) , which describes the time-centric approach for organizing electronic information stored on a personal computer. His TimeScape uses several visualization techniques to explore the timestamped information space, and TimeCasting links heterogeneous objects by using the temporal information. Time is also used to coordinate Interacting with Interaction Histories in a History-Enriched Environment 5 people's activities. Timewarp (Edwards & Mynatt, 1997) , for instance, uses explicit and editable timelines to coordinate collaboration among team members.
These approaches primarily use the temporal information as indices to the information, and views time as metadata for managing information.
Tools have been developed to use activity data recorded over a long period of time to support an individual by serving as a memory aid.
The Forget-me-not project (Lamming & Flynn, 1994) uses ParcTab, a PDA that records a user's activities, such as where he/she was, which phone number he/she called, whom he/she saw, and which documents he/she sent to whom. He/she can then use the collected data to remember past events by browsing the history of those activities and search for certain events. More recent projects include MyLifeBits (Gemmell, Lueder, & Bell, 2003) , which records a variety of activities a user engages, such as browsed Web pages and phone calls. The user then uses the record to remember past events and produce an autobiography. Memory prosthesis (Vemuri, Schmandt, Bender, Tellex, & Lassey, 2004) uses iPAQ to help a user to record audio together with a physical location data, which is determined via proximity to 802.11b base stations. The user browses the recorded data along the timeline, by using keyword search and by zooming-in and -out through a visualization mechanism. Another example is Rememberer (Fleck et al., 2002) , which helps a user to record exhibition visits at a museum. The user can create a record of an exhibition visit, consisting of pictures and notes, which later become browsable as a Web page. The paper details how technologies support the recording of exhibition visits using RFID tags and activated cameras to take photos of a user at the exhibit.
These approaches primarily use a history of an individual's activities over a long period of time to support the user in remembering past events.
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The use of footprints left in a mountain to decide which path to take can be viewed as using the history of activities in a social setting. Social navigation systems use data accumulated within a social setting to help users find information and make decisions (Dieberger, Dourish, Hook, Resnick, & Wexelblat, 2000) .
A classical example is Edit Wear and Read Wear by Hill, Hollan, Wroblewski, and McCandless (1992) . Their document editor uses an attribute-mapped scrollbar, which is an augmented scrollbar with a histogram-like representation that shows areas within a document that had been more frequently viewed and modified. Using the same notion of history-rich digital objects, Wexelblat and Maes (1999) have developed a framework for representing interaction history and built a series of tools, called Footprints tools. Footprints tools, including maps, paths, annotations and signposts, help a user in Web page browsing by using the other users' history information to contextualize Web pages that the user is seeing. Maps, for instance, show the Web site traffic of other users, and Paths show which path each user has taken from one page to another. CoWeb visualizes the similar information of access history within a Web page that is being browsed (Dieberger & Lonnqvist, 2000) .
History of activity data collected in social settings is used to make recommendations.
Social information filtering in general makes personalized recommendations for a user based on similar users' activities (Shardanand & Maes, 1995) . PHOAKS (People Helping One Another Know Stuff) by Terveen, Hill, Amento, McDonald, and Creter (1997) has extended the notion by making Web resource recommendations by reusing existing online Usenet news messages. Hill, Hollan, Wroblewski, and McCandless (1992) state, "By graphically depicting the history of author and reader interactions with documents, these applications offer otherwise unavailable information to guide work" (p. 3). Our approach is to apply the same notion to a Interacting with Interaction Histories in a History-Enriched Environment 7 physical environment -graphically depicting history collected from a physical space over a long period of time to enrich the environment by offering otherwise unavailable information to guide people's living. Hill and Hollan (1993) describe the notion of history-enriched digital objects as similar to physical wear, which is left by usage.
History-Enriched Environments
Our approach is to make a physical environment history-rich by using ubiquitous computing technologies. We use the notion of history-rich in the same way as Wexelblat and Maes (1999) , who explain the notion by saying that "physical objects may be described as history-rich if they have associated with them historical traces that can be used by people in the current time" (p. 270).
Physical wear is quite limited in terms of being informative and useful. Physical wear obeys physical laws. We cannot leave footprints on a paved walkway. Physical wear is "an emergent property and though it generally remains unremarked upon until it causes a problem, it is also tattooed directly on the worn object, appearing exactly where it can make an informative difference" (Hill & Hollan, 1993) .
By using various kinds of presentation technologies, such as ambient displays and personal information devices, we could depict history collected from a physical space over a long period of time to enrich the environment by offering otherwise unavailable information to guide people's living. We could artificially express wear on a physical space to be used by people in the current time.
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We envision that a ubiquitous computing environment collect and store an interaction history of each individual object in a real world, such as a person, a thing, and a place, over a long period of time. Such a ubiquitous computing environment is enriched by enabling people
(1) to use interaction histories of people, things, and places on demand, and (2) to obtain relevant information by tracing the links among objects connected based on their interaction histories.
Each interaction record of an object is timestamped, denoting one or more objects with which the object has interacted. For instance, the interaction history of a person stores interaction records including when and where that person saw whom; when and what that person used; or when and where that person visited. An interaction history of a thing stores interaction records including when, how, and by whom that thing was used, when and to where that thing was moved; or when, by whom and with what other objects that thing was used. An interaction history of a specific place stores interaction records including when and who visited or left that place; when and what came to that place; or when and who did what at that place.
We call such a ubiquitous computing environment a history-enriched environment (HEE).
In an HEE, we could use the interaction history of an object to know the object better. We could use the interaction history of a person when we see that person to know what he/she has been doing in the past. We could use the interaction history of a thing to know how the thing has been used. Or, we could use the interaction history of a place when we visit there to know what other people have done at that place before. For instance, when one is walking by a restaurant building, one could determine how popular the restaurant is everyday, whether the restaurant ever has a waiting line, and what day of the week and what time of the day the waiting line is the longest.
TOWARD BUILDING HISTORY-ENRICHED ENVIRONMENTS
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The design of how people interact with the interaction history in the HEE affects the utility of the HEE because it may encourage and benefit, or discourage and prohibit, taking advantage of being in a history-enriched environment. We take the interaction design approach for our study. Interaction design refers to "determining the representations and operations of an application system by considering what representations the user needs to interact with, through what operations" (Yamamoto & Nakakoji, 2005, p. 514 ).
Our interaction design of an HEE aims at supporting people's cognitive activities in everyday situations: situated encountering and information-triggered information needs as described in Section 1. Issues we have identified in designing how people should interact with an HEE to take advantage of being in an HEE include:
(1) How to help people become aware of the existence of the interaction history of the place. It is important that a person who is interested in knowing about the interaction history of a place should be able to become aware of its existence, access it, and examine it at the place.
(2) How to let people further investigate information relevant to the interaction history. A person who becomes interested in the interaction history of a place should be able to further investigate information relevant to the interaction history. (5) How to guide people to explore related information as a personal engagement once they become aware of the existence of the interaction history in a public space. Even though a person may start accessing the interaction history of a place at the place (which may likely be a publicly accessible space), he/she might want to further examine and explore the interaction history privately, without being watched by other people.
(6) How to preserve private activities without bothering others also present at the place.
A person would likely not want to be bothered by someone else's process of examining specific aspects of the interaction history.
Our goal is to design an HEE that supports situated encountering and informationtriggered information needs, where the space is enriched by providing interaction history information as noticeable wear that might be helpful for people to find ways to solve problems, make decisions, and enjoy life.
Although there have been systems that display some historical information of physical objects on top of the physical objects, none of them explicitly support people to further explore related information once they find the information interesting. For instance, TouchCounters (Yarin & Ishii, 1999) display the usage history of plastic storage containers stacked in a shelf by using a 2-dimensionally arrayed LED display attached to each container. Skog (2004) has Interacting with Interaction Histories in a History-Enriched Environment 11 developed 2D visualizations for a large display showing activity levels at a local cafe over a week by analyzing sound captured by microphones at the cafe. Memory rich garment (Berzowska & Yarin, 2005) shows where and when it has last been touched by illuminating LEDs sewn on the surface of the garment, such as a dress, shirt, or skirt. They display information as a one-time affair and little support information-triggered information needs.
An HEE is a physical, real-world place, which is accessible by multiple people, who are often strangers to each other. At the same time, recognition of the interests and information needs has a personal, private nature. If he/she is interested, he/she should be able to know more about it by exploring the relevant information. Even though it is important that people become aware of the existence of the interaction history, it is also important that its presentation would not annoy or disturb those who are present at the site but not interested in using it. Personal interests and information needs often emerge successively; a person may not be interested in looking at an interaction history unless he/she actually sees part of it.
To address the issues, we rely on the existing studies in the area of Ambient Display research, specifically in two themes: public displays and calm technologies.
Public Displays
Research in ambient displays, which explores ways to move information off the more conventional screens into the physical environment (Streiz et al., 2003) , studies on different types of the information to be displayed for different types of users by making a balance between displays for public and those for personal. They use different phases and modes to distinguish different levels of a user's interest and attention.
For instance, Vogel and Balakrishnan (2004) Neither of the approaches, however, is concerned with how the result of the personal interaction might affect others in the public as it occurs in the public space. In an HEE, wear should not look differently even when another person is engaging in exploring the wear. A personal exploration of relevant information should remain personal, not disturbing to other people.
Calm Technologies
We want to design an HEE calm (Weiser & Brown, 1996) . Weiser and Brown argue that an encalming technology, in contrast with enraging one, "engages both the center and the periphery of our attention, and in fact moves back and forth between the two" (Weiser & Brown, 1996) . They use the notion of periphery to denote what people are "attuned to without attending to explicitly." They argue that the notion is not related to being unimportant. "What is in the Interacting with Interaction Histories in a History-Enriched Environment 13 periphery at one moment may in the next moment come to be at the center of our attention and so be crucial. The same physical form may even have elements in both the center and periphery" (Weiser & Brown, 1996) .
Situated encountering and information-triggered information needs imply that there may
be those who are not situated to encounter and there are situations when people do not become aware of information needs even if they are presented with the information. For those who are present at the place but not interested in the history information, the presentation of the history information should remain periphery.
Thus, in supporting situated encountering and information-triggered information needs,
the HEE needs to be encalming by allowing people to move back and forth between the periphery and the center of their attention. This poses two challenges: how to design a periphery display, and how to support transition from periphery to center.
Existing studies have argued that physical and tangible displays are suitable for presenting information as peripheries. In their design of Ambient Displays, Wisneski, Ishii, and Dahley (1998) use subtle changes in light, sound and movement for displaying information so that it would be processed in the background of awareness. Other examples include BusMobile, which uses a physical token to display the location of the next bus (Mankoff et al, 2003) , and InfoCanvas, which is a paint-like display parts of which correspond to some types of personal information that are adaptable by users (Stasko, Miller, Pousman, Plaue, & Ullah, 2004) .
Mattews, Dey, Mankoff, Carter, and Rattenbury (2004) argue that a peripheral display must support three key characteristics: abstraction (so that it is easier to grasp), notification levels (so that a person would know how important it is), and transitions (so that a person would Interacting with Interaction Histories in a History-Enriched Environment 14 become aware of the changes). While we agree that the three key characteristics are important for the purpose of keeping people aware of and not missing the potentially important information, an HEE is not to keep people informed but make the information available when they want to find it; thereby, the latter two characteristics are of little relevance in the design of an HEE. Wisneski, Ishii, and Dahley (1998) argue that the transition from the background (i.e., periphery) to foreground (i.e., center) should be controlled by a person when the information presented comes to his/her attention. We argue that in addition, when moving the attention to the foreground, he/she should be able to incrementally explore more personal, detailed, specific information (Mankoff et al., 2003) .
The aforementioned projects by Vogel and Balakrishnan (2004) and Streitz et al. (2003) use context awareness techniques to control the transition, such as by identifying phases and zones. We, in contrast, want to give a complete control for a person to engage in an HEE.
Situated encountering cannot be interpreted by anybody but oneself. It is a personal cognitive activity.
Based on these considerations, our approach is first to present the existence of the interaction history of a place as peripheral as possible within the place. We then allow the person to explore related information in a more personal, but more attention-consuming, foreground setting if he/she is interested in knowing more about it. Such personal exploration of information should not be visible to others because the person may want it privately; even if he/she may not care, others might be disturbed by such presence.
The following section describes how we realized this by using mechanisms that overlay invisible light projection on top of the visible light projection on the physical space.
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THE OPTICAL STAIN ENVIRONMENT
Optical Stain keeps an interaction history of a physical bulletin board in an office space by using a camera (Figure 1) . When a poster is removed from the bulletin board, Optical Stain projects a simple impression of the removed poster as a trace of the poster on the bulletin board by using visible light (Figure 2-(a) ). Optical Stain simultaneously projects the detailed information of the removed poster on top of the poster impression on the bulletin board by using infrared light, which is invisible to the naked eye but becomes visible by looking through an infrared camera (Figure 2-(b) ). The invisibly projected information includes the timestamp of when the poster was removed, and the QR code, which is a type of 2D barcode (see http://www.denso-wave.com/qrcode/index-e.html). The QR code may be captured with the infrared camera to retrieve the relevant information. Optical Stain projects an impression of a poster removed from the bulletin board on the bulletin board using visible light (Figure 2-(a) ). The poster impression is deliberately made blurry and abstract so that it serves as a peripheral display. The system projects more detailed information about the poster by using infrared light on top of the visible projection. The infrared light is invisible unless one looks at the place through an infrared camera (Figure 2-(b) ).
The detailed information projected on the bulletin board with infrared light consists of the timestamp of when the poster was removed, and a QR code, a type of 2D barcode. By using a laptop computer equipped with an infrared camera, one can capture the QR code, and retrieve the Interacting with Interaction Histories in a History-Enriched Environment 18 associated picture (i.e., the snapshot taken at the time and stored in the history database) on the laptop computer.
The system projects the information about the poster on the bulletin board for the duration of one day with strong visible light right after the poster is removed, and gradually diminishes the light over the duration of a week. Thus, a newly removed poster impression would be more visible than one that had been removed earlier (Figure 2-(a) ). The invisible projection lasts as long as the corresponding visible projection remains.
The Optical Stain Design
Optical Stain is designed as an HEE that both supports situated encountering and nurtures information-triggered information needs (Figure 4) . Using Optical Stain, anyone who visits the bulletin board may first become aware that a poster has been removed from the bulletin board by looking at a poster impression. If that person is interested in knowing more about the missing poster, he/she can look at the poster impression through the infrared camera to obtain more information. The person may also download more relevant files by using the QR code.
Conversely, if the person is not interested in knowing more about the poster impression in the first place, he/she may simply ignore it without taking any further action. Thus, the environment supports (1) on-location awareness of the interaction history of the bulletin board (i.e., Optical Stain presents information about the poster at the place where the poster was, which supports on-location awareness. The more detailed information is also projected at the same place but with invisible light, allowing only those who are interested in knowing more about it to access the detailed information by looking through the infrared camera.
Presenting information as peripheral or background to one's attention requires visual cues to be as subtle and seamless with the surrounding environment as possible.
We have conducted preliminary user studies and examined different design options for presenting the existence of the history information as a periphery presentation projected with Interacting with Interaction Histories in a History-Enriched Environment 20 visible light so that they do not disturb those who are not interested in knowing them. Figure 5 shows four different options we have produced: the as-is-poster image (a), the poster title (b), the time when the poster was removed (c), and the shadow-like poster frame impression (d). Figure   5 -(e) shows how the bulletin board looks without projected images for the comparison. As obvious from the figure, presenting exact poster images interferes with the currently displayed posters, and thus does not serve as periphery information. Presenting only the title or the timestamps is not as disturbing as the first option, but the information was found too specific and visually disturbing. Such specific information was not demanded most of the time when people were not interested in the poster in the first place. The shadow-like poster impression was most preferred as a peripheral presentation, but at the same time people were not able to distinguish one from the others.
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Supporting personal exploration of relevant information
Relevant information must be available through the presented interaction history in a way that would allow individuals to personally explore it in a variety of ways without bothering others.
Information relevant to the interaction history of the place must be available for those who become interested in knowing more about the interaction history. An interested individual should be able to explore the relevant information as his/her interests arise, which nurtures information-triggered information needs.
Optical Stain allows people to know more about the presented history information by overlaying infrared projection. Projecting different levels of detailed information in the same place by using the infrared camera lets them go from the initial presentation to the more detailed information smoothly and quickly. At the same time, what one sees through the infrared camera is not visible to others who are not looking through infrared cameras. This makes the information presentation maintain the balance between being informative and yet less disturbing.
We have conducted a preliminary user study to investigate the influence of presenting the existence of interaction histories (Shirai, Owada, Kamei, & Kuwabara, 2003) . In the study, we projected the existence of interaction histories using shadow-like impressions on the surface of the bulletin board which was actually used in our laboratory building. We video-taped the area in front of the board to observe people's behavior while standing in front of the bulletin board for 6 days. According to the recorded data, 13.5 % of passers-by in front of the bulletin board took a look at the board when the system projected interaction histories through shadow-like impressions, while only 4.6 % of passers-by took a look at the board when the system did not project them. We have also found that 1.76 % of passers-by paused in front of the bulletin board Interacting with Interaction Histories in a History-Enriched Environment 22 when the system project interaction histories, while 1.07 % of passers-by paused when the system did not project them.
We also observed in another user study users' behavior when they looked at the interaction histories in four different options mentioned in Figure 5 , which were projected not only by visible light but also by infrared light. We let three participants look at the interaction histories, and had them make comments. They were asked to use an infrared sensitive camera if they wanted to look at the interaction histories projected by infrared light. We observed that all of the participants put the camera close to the surface of the bulletin board, and zoomed-in. 
CONCLUDING REMARKS
This chapter has presented our attempt to build an HEE by focusing on its interaction design ---how people should interact with the interaction histories in an HEE. A number of core technical issues need to be addressed to realize an HEE, such as how one can extract different types of meaningful information from the plain history data of each object, how one should identify associations among interaction histories of different objects, and how one handles the privacy issue (such as when and who visited where in a physical world). While we are aware that Interacting with Interaction Histories in a History-Enriched Environment 23 each of these issues requires a vast amount of research, we have argued that without considering the design of such a ubiquitous computing environment, the true virtue can never be achieved.
Although this chapter focuses specifically on the interaction history of a place, our goal is to let users hop around in an HEE by following links among various types of interaction histories, including people and things. If we could link them with the interaction histories of informational/digital objects, such as Web pages, file systems and software systems, we could achieve the integrated ubiquitous computing environment. An HEE collects and stores interaction histories of people, things, and places. Rather than designing a priori how to use potentially collectable data in ubiquitous computing environments, our approach is to first collect interaction history data that are as simple, plain, and generic as possible. The approach then focuses on the design of how people ought to interact with such data within an HEE with their emerging, gradually identified needs.
As illustrated with the Optical Stain environment, we have designed an HEE so that it allows people to engage in situated encountering of potentially useful information, and deal with information-triggered information needs. Interaction history data collected in a ubiquitous computing environment over a long period of time would serve as a rich source of information for people to solve problems and make decisions. Our goal is to enrich the environment by Interacting with Interaction Histories in a History-Enriched Environment 24 artificially express wear in physical worlds by using the interaction history data. If people become interested in knowing more about the wear, the environment provides ways to explore relevant information in a more personal setting. Thus, such an HEE displays the interaction history information in an objective, neutral manner so that an individual interact with the information subjectively without disturbing others.
As the modern development in the world progresses, there are less and less natural things and we have fewer and fewer occasions to experience physical wear. In some sense, the world is getting less tolerable for physical wear by regarding it as something we want to avoid. Physical wear, or a partial trace of interaction histories, however, has been helping humans in many ways in our everyday lives. History-enriched ubiquitous computing environments should be able to complement this valuable loss of physical wear by embedding interaction histories in the environment.
